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Abstract

Background: Observational studies have shown that body mass index (BMI) is positively
associated with asthma. However, observational data are prone to confounding and reverse
causation. In Mendelian randomization, genetic variants are used as un-confounded markers
of exposures to examine causal effects. We examined the causal effect of BMI on asthma,
hay fever, allergic sensitization, serum total immunoglobulin E (IgE), forced expiratory
volume in one second (FEV1), and forced vital capacity (FVC).

Methods: We included 490,497 participants in the observational and 162,124 participants in
the genetic analyses. A genetic risk score (GRS) was created using 26 BMI-associated single
nucleotide polymorphisms (SNPs). Results were pooled in meta-analyses and expressed as
odds ratios (ORs) or B-estimates with 95% confidence interval (ClI).

Results: The GRS was significantly associated with asthma (OR=1.009; 95% CI: 1.004,
1.013), but not with hay fever (OR=0.998; 95% CI: 0.994, 1.002), or allergic sensitization
(OR=0.999; 95% CI: 0.986, 1.012) per BMI-increasing allele. The GRS was significantly
associated with decrease in FEV1: f=-0.0012 (95% CI: -0.0019, -0.0006) and FVC: p=-
0.0022 (95% ClI: -0.0031, -0.0014) per BMI-increasing allele. Effect sizes estimated by
instrumental variable analyses were OR=1.07 (95% CI: 1.03, 1.10) for asthma, a 9 ml
decrease in FEV1 (95% CI: 2.0-15 ml decrease), and a 16 ml decrease in FVC (95% CI: 7.0-

24 ml decrease) per 1 kg/m? higher BMI.
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Conclusions: The results support the conclusion that increasing BMI is causally related to
higher prevalence of asthma and decreased lung function, but not with hay fever or

biomarkers of allergy.

Keywords: allergic disease, allergic sensitization, asthma, hay fever, serum specific IgE.

Introduction

Overweight and obesity are in reported observational studies consistently associated with
increased prevalence of asthma and (1), to some extent, decreased lung function (2), while
the association with hay fever and allergic sensitization is less clear (3-5). Overweight and
obesity may affect the lungs in several ways, e.g., through inflammation that may predispose
to asthma or through a mechanical effect on lung function. Mechanically, increased body
mass index (BMI) may lead to decreased static lung volumes (6), and breathing with smaller
tidal volumes which may leave some of the cross-bridged myosin-actin in the airways
unbroken (7), thereby further narrowing the airways (8). In addition, the overweight/obesity-
related low-grade inflammation may affect lung function and the risk of asthma (9). It is
likely that other factors associated with overweight and obesity such as dyslipidaemia and
increased mast cell activity are also implicated in the pathogenesis of asthma and decreased
lung function. E.g., an increased number of mast cells has been found in adipose tissue, and
mast cells participate in asthma by degranulation in response to allergen challenge (10). Upon
activation, mast cells secrete peptidases such as tryptase (11,12). Tryptase may increase
inflammation and remodeling of airway smooth muscles, and tryptase inhibition has been

found to reduce airway inflammation.
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However, inferring a causal relationship, e.g., between BMI and asthma, from
such observational studies may be hampered by bias such as confounding and reverse
causation. Mendelian randomization that is based on observational data is a method for
making inferences about causal effects by using genetic instrumental variables (1V). The idea
is that if we can replace the actual measured values of an exposure (which may be correlated
with confounders etc.) by predicted values of the exposure (via the IV) that are related to the
actual exposure but uncorrelated with confounders, we can get an un-confounded estimate.
This has been used previously in a study of approximately 5000 children where a higher BMI
was found to increase the risk of asthma (13). However, this has not been examined in adults.
Mendelian randomization takes advantage of the random allocation of alleles from parent to
child and is a method for examining and estimating possible causal relationships where
genetic IVs with well-known effects on an exposure are used as proxies for that exposure
(14). To be a valid instrument, the genetic variant must be associated with the exposure, it
may only affect the outcome through the exposure, and it cannot be associated with any

unmeasured confounders.

We used a genetically determined higher BMI to investigate and quantify the
effect of adiposity on asthma, hay fever, biomarkers of allergy (IgE antibodies), and lung
function in adults (>16 years) according to the principles of Mendelian randomization. We
included 26 SNPs, including the FTO rs9939609 (15), that are associated with BMI at
genome-wide significance levels in a number of genome-wide association studies (GWAS)

(16-28) previously validated in one of the included studies (29,30).
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Methods

Study populations

We used data on 490,497 participants of European ancestry and aged >16 years of whom
162124 had data on all or most of the relevant SNPs from the following seven population-
based studies: the Danish Monitoring of trends and determinants in Cardiovascular Diseases
(MONICA) study (the Monical0 study) (31), Health2006 (32), Health2008 (33), Inter99
(34), the Study of Health in Pomerania (SHIP) (35), and SHIP-TREND (36), and the UK
Biobank (more information in Supplementary Material, incl. Table S1) (37). Each study was

approved by local Ethics Committees, and the participants gave their informed consent.

Genotype

We preselected 26 BMI-associated SNPs as listed in Table 1 (16-28). None of the cohorts
used were in the discovery samples for these SNPs. Descriptions of the genotyping method
within each study are provided in Supplementary Material. Minor allele frequencies (MAF)
and Hardy—Weinberg equilibrium p-values are shown in Table S2. Some SNPs were in one
or a few studies not in Hardy-Weinberg equilibrium at the 0.05 significance level, but except
for two SNPs in the UK Biobank, all SNPs were in Hardy-Weinberg equilibrium at the
Bonferroni-adjusted significance level (p<0.00027). Each SNP was classified according to
the number of BMI-increasing alleles, i.e. 0, 1, or 2. A simple genetic risk score was
calculated by adding the number of BMI-increasing alleles (38). In secondary analyses, we
used a weighted genetic risk score with weights derived from studies different from our own

(16-28). See individual weights in Table 1.
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BMI
Height and weight were measured, and BMI was calculated as weight divided by height

squared, expressed in kg/m?.

Hay fever, asthma, allergic sensitization, and serum total IgE, FEV1, and FVC

Information on hay fever and asthma was based on self-report (Supplementary Material incl.
Table S3). Our first choice was lifetime/ever diagnoses. Allergic sensitization was defined as
serum specific IgE positivity to at least one of a number of inhalant allergens (Supplementary
Material incl. Table S3). Serum total IgE levels were measured by the IMMULITE 2000
Allergy Immunoassay System in Inter99 Study, and by the Latex IgE test on the BN 1l
Nephelometer (Dade Behring Marburg GmbH, Marburg, Germany) in the SHIP Study (39).
FEV1 and FVC were measured with spirometry. More details are provided in the
Supplementary Material. For additional analyses in UK Biobank data only, we created
subgroups of persons who had both asthma and hay fever (as a measure of ‘atopic’ asthma),

asthma but not hay fever (as a measure of ‘non-atopic’ asthma), and not asthma or hay fever.

Statistical analyses

Statistical analyses were performed with SAS, version 9.4 (SAS Institute Inc., Cary, NC,
USA), STATA, version 13 (StataCorp, College Station, TX, USA), and R-statistical package,
version 3.2.3 for Windows (http://www.r-project.org/). The p-values are two-tailed, and
statistical significance was defined as p<0.05, but the causality of associations was assessed
by the strength of evidence rather than the size of the P-value only. For each of the studies, a
dataset was prepared in accordance with the study protocol, and the data were analyzed by a
pre-prepared Stata-script that was adapted to each study. To obtain a normal distribution,

serum total IgE was transformed by the natural logarithm (log). Except for first stage
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analyses only (e.g., Figure 3) where BMI was transformed to the logarithm of two, the
reported data are according to BMI not log-transformed (incl. first stage estimates to be used
in 1V-analyses). The results from each study were meta-analyzed with fixed effects analyses
and heterogeneity assessed by the 12 test. Effect estimates are presented as B-coefficients or

odds ratios with 95% confidence intervals (95% CI).

Observational analyses

Observational, i.e. the BMI-outcome associations, analyses were performed using logistic and
linear regression analyses that were adjusted for sex and age, and in the FEV1 and FVC
analyses also for height. We also compared results from observational analyses considering
only those from UK Biobank that were included in the MR analyses to the whole UK

Biobank sample.

Mendelian randomization analyses

The SNP data for each study is shown in Table S1. We created a SNP-score which is a single
variable that summarizes multiple SNPs in a univariate score. Our primary analyses rely on a
simple SNP-score that counts the number of BMI-increasing alleles whereas in a weighted
SNP-score, each SNP contributes a weight that reflects the effect of the SNP on BMI. The ‘F-
value’ is an analogue of the F-statistic for the joint significance of the SNP/SNP-score in the
first stage regression. The F-value is an indicator of statistical power in the MR analysis (40).
In the UK Biobank study, the F-value for the SNP-score was 1185 for BMI. The single-SNP
F-values ranged from 1 to 397 in the UK Biobank data. The rs1424233 and rs11847697 SNPs
had F-values below 10. Analyses excluding the three SNPs with signs of Hardy-Weinberg
disequilibrium in the UK Biobank Study were also performed. The requirement that the

instrument is not associated with unmeasured confounders can only be falsified, but to
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substantiate the assumption, we assessed the associations between each single-SNP and age,
sex, smoking status, and alcohol status.

Mendelian randomization analyses (first stage: SNP-BMI, second stage: SNP-
outcome) were performed using logistic and linear regression analyses that were adjusted for
sex and age, and in the FEV1 and FVC analyses also for height. To obtain a normal
distribution, serum total IgE was transformed by the natural logarithm (log).

IV analyses were performed by using the R packages
“MendelianRandomization” and “ivpack”, and graphs were made by the “rmeta” package in
R. To obtain estimates expressed per 1 kg/m? higher BMI, we used the untransformed BMI in
the first stage analysis. As the primary IV analyses, we performed a one-sample analysis,
where all relevant studies were included in both the first and second stage analysis.
Secondarily, we performed two-sample 1V-analyses where the first and second stage sample
had no overlap: All studies except for the UK Biobank Study provided data for the first stage
and UK Biobank alone provided data for the second stage analysis. To assess potential

pleiotropy, we also performed MR Egger regression and median regression analyses (41).

Results
Observational analyses

Descriptive statistics for each study population are found in Table 2.

In sex- and age-adjusted observational analyses (Figure 1), BMI was inversely and
significantly associated with hay fever: OR=0.995 (95% ClI: 0.994, 0.997, p <0.001) per 1
kg/m? higher BMI and positively and significantly associated with asthma: OR=1.037 (95%
Cl: 1.035, 1.039, p<0.001) per 1 kg/m? higher BMI. BMI was positively but non-significantly

associated with allergic sensitization with OR=1.007 (95% ClI: 0.998, 1.016, p=0.131) per 1
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kg/m? higher BMI. BMI was positively and significantly associated with log(IgE): p=0.02
(95% CI: 0.01, 0.03, p<0.001) per 1 kg/m? higher BMI (Figure 2). In general, the
heterogeneity was low to modest and ranged from 0.0%-53.2%. BMI was inversely
associated with FEV1 and FVC with $=-0.012 (95% CI: -0.013, -0.012, p<0.001) and B=-
0.024 (95% Cl: -0.025, -0.024, p<0.001), respectively per 1 kg/m? higher BMI (these
analyses were further adjusted for height) in fixed effect meta-analyses (Figure 2). The
heterogeneity was substantial (both 12>90.0%). The study-specific estimates of observational
analyses of the association between BMI, FEV1 and FVC are shown in Supplementary
Figure S6. Random effect meta-analyses yielded for FEV1: 3=-0.008 (95% CI: -0.012,-0.004,
p=0.0002) and FVC: p=-0.019 (95% CI: -0.023,-0.014, p<0.0001). Applying a Bonferroni-
correction (6 outcomes, p=0.05/6=0.0083) did not change the statistical significance in the
observational analyses. The observational results considering only those from UK Biobank
that were included in the MR analyses below compared to the whole UK Biobank sample
showed similar results. The results of observational analyses excluding UK Biobank were

largely similar (Supplementary Figures S2 and S4).

Mendelian randomization analyses

Figure 3 shows the associations of each SNP with the log2-transformed BMI and
substantiates their use as valid instruments. Fixed effect meta-analyses of the age- and sex-
adjusted association of the BMI-associated SNP-score and BMI showed significantly higher
log2(BMI): 3=0.007 (95% ClI: 0.007, 0.008, p<0.0001) per BMI-increasing allele. However,
there was substantial heterogeneity (1°=95.3%) and random effects meta-analysis showed:
=0.007 (95% CI: 0.006, 0.009, p<0.0001) per BMI-increasing allele. To justify the
assumption that the instruments are not associated with unmeasured confounders (33,42), we

assessed the associations between each single-SNP and the available possible confounders
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age (all p>0.007 in Kruskal-Wallis’ test), sex (all p>0.021 in the X?-test), smoking status (all
p>0.0009 in the X*-test), and alcohol status (all p>0.016 in the X>-test). No associations were
statistically significant at the Bonferroni-adjusted significance level

(p=0.05/(4*26)=0.00048), however.

In the primary, one-sample sex- and age-adjusted Mendelian randomization
analyses (Figure 1), the SNP-score was positively and significantly associated with asthma:
OR=1.009 (95% CI: 1.004, 1.013, p<0.001, 1>=51.1%) per BMI-increasing allele. The results
of MR-analyses excluding UK Biobank were largely similar (Supplementary Figures S1 and
S3). Using a weighted SNP-score in the UK Biobank alone, we found for asthma: OR=1.068
(95% ClI: 1.034, 1.104, p<0.001) per BMlI-increasing allele. There was a high degree of
consistency in the predicted effect of each single-SNP on asthma (Figure S5). IV-analysis
yielded an OR=1.07 (95% ClI: 1.03, 1.10) of asthma per 1 kg/m? higher BMI. There was no
clear evidence that the SNP score was associated with hay fever: OR=0.998 (95% CI: 0.994,
1.002, p=0.333, 1°=0.0%) per BMI-increasing allele. Likewise, using a weighted SNP-score
in the UK Biobank alone, we found for hay fever: OR=0.995 (95% CI: 0.969, 1.022,
p=0.711) per BMI-increasing allele. Alternative definitions of hay fever in UK Biobank data
(See Supplementary) showed for those taking medication for hay fever at baseline: OR=1.006
(95% CI: 0.994, 1.018, p=0.316, N=146072), with self-reported hay fever as serious illness
at baseline: OR=1.000 (95% ClI: 0.992, 1.009, p=0.908, N=146072), or persons with self-
reported hay fever or allergic rhinitis at follow-up in 2015: OR=0.998 (95% CI: 0.990, 1.006,
p=0.655, N=34556) for hay fever per BMI-increasing allele compared with the rest,
respectively. The SNP-score was non-significantly associated with allergic sensitization with

OR=0.999 (95% CI: 0.986, 1.012, p=0.906, 1°=0.0%) per BMI-increasing allele.
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The BMI-increasing SNP-score was inversely associated with FEV1 and FVC
with p=-0.0012 L (95% CI: -0.0019, -0.0006, p=0.011) and p=-0.0022 L (95% ClI: -0.0031, -
0.0014, p<0.001), respectively, per BMI-increasing allele in age-, sex- and height-adjusted
analyses. Correspondingly, using a weighted SNP-score in the UK Biobank only, we found
for FEV1: $=-0.0089 L (95% ClI: -0.0155, -0.0023, p=0.008) and for FVC: p=-0.0164 L
(95% ClI: -0.0249, -0.0078, p<0.001) per BMlI-increasing allele. IVV-analyses showed a 9 ml
decrease in FEV1 (95% CI: 2.0-15 ml decrease) and a 16 ml decrease in FVC (95% ClI: 7.0-
24 ml decrease) per 1 kg/m? higher BMI. The heterogeneity was low (all 1* <26.9%) in the
analyses of the SNP-score vs. FEV1 and FVC, respectively. Fixed effects meta-analysis
showed a non-significantly =0.003 (95% CI: -0.006, 0.012, p=0.547) higher log(IgE) per
BMI-increasing allele with low heterogeneity (1°=0.0%). Except for the association between
the SNP-score and FEV1, applying a Bonferroni-correction (6 outcomes, p=0.05/6=0.0083)
did not change the statistical significance in the main IV-analyses. Two-sample Mendelian
randomization analyses of hay fever, asthma, FEV1, and FVC supported the one-sample
results (Figure 1-2). We found little evidence of pleiotropy for the BMI-associated SNPs on
asthma, as indicated by the MR Egger intercept test (p=0.069) and the Egger regression
analysis showed an odds ratio of asthma: OR=1.09 (95% CI: 1.03, 1.15, p=0.002) per 1 kg/m?
higher BMI (43). Likewise, median regression yielded an odds ratio of asthma: OR=1.05

(95% Cl: 1.01, 1.09, p=0.007) per 1 kg/m? higher BMI.

Analyses excluding the three SNPs with signs of Hardy-Weinberg
disequilibrium in the UK Biobank Study showed for hay fever: OR=0.999 (95% CI: 0.995,
1.003, p=0.544), asthma: OR=1.011 (95% CI: 1.006, 1.016, p=0.00003), and FEV1: p=-0.001
(95% ClI: -0.002, -0.0004, p=0.004), and FVC: =-0.003 (95% ClI: -0.004, -0.001, p=0.0001)

litre per BMI-increasing allele. In additional analyses of the association between the genetic
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risk score and hay fever, we performed the analyses with and without the SHIP TREND
Study. The estimate and confidence intervals were equal to the third decimal place. Also, we
found that persons with both asthma and hay fever (‘atopic’ asthma) vs. persons with neither
asthma nor hay fever had largely the same odds ratio per BMI-increasing allele as in the
primary analyses where we compared those with asthma to those without asthma regardless
of hay fever status. In comparison, persons who had asthma but not hay fever (‘non-atopic’
asthma) vs. persons with neither asthma nor hay fever had a slightly lower odds ratio per

BMaI-increasing allele that was not statistically significant.

Discussion
In a Mendelian randomization meta-analysis, we found that a genetically determined higher
BMI was associated with a significantly higher prevalence of asthma and lower lung function
(both FEV1 and FVC), but not with hay fever and allergy biomarkers. The observed positive
association between BMI and asthma is in line with the results from the majority of previous
studies (Table 3) (44-53), including a Mendelian Randomization study of close to 5,000
children where a higher BMI increased the risk of asthma in mid-childhood (13). A review by
Baumann et al. concluded that the association between obesity and asthma was particularly
seen for non-atopic asthma (54). However, our analysis in the UK Biobank sample using
presence/absence of hay fever to define atopic/non-atopic asthma could not fully corroborate
that. A number of studies found no statistically significant associations between BMI and
asthma (55-57).

The observed negative association between BMI and lung function is in line
with a study by Ciprandi et al. comprising 268 individuals who found that lung function was
significantly impaired in overweight and obese asthmatic patients, e.g., overweight

patients, had double (OR=1.89) and obese patients had triple the risk (OR=3.17) of a
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pathological FEV1 compared to normal-weight patients (58). Fenger et al. found in a study of
2308 adults that increasing adiposity was associated with decreasing lung function over a five
year period in longitudinal study of 2308 adults (2). A one standard deviation increase in
BMI corresponded to a —78.5 ml and —113.6 ml five-year change in FEV1 and FVC,
respectively, in men, and a —25.5 ml and —32.6 ml five-year change in FEV1 and FVC, in
women, respectively.

The results from previous studies on BMI and hay fever are inconsistent (Table
4). Theobserved lack of association in the current study is in line with the conclusions from
two research studies of 3047 adults and 3466 adolescents, respectively (57,59), and a review
including 50,086 individuals (54). However, several studies have found both inverse
(51,52,58,60,61) and positive associations between BMI/overweight/obesity and hay fever
(49,55,56,60,62,63).

Likewise, previous studies examining the association between obesity and
allergic sensitization in adults have shown conflicting results (44). There are studies
supporting a positive association (4,64,65) and studies reporting no or an inverse association
between BMI and allergic sensitization (66-68). The observed non-significantly higher odds
ratio of allergic sensitization for a higher BMI is in line with a study by Sybilski et al. who in
almost 10000 adults found that obesity and overweight were not associated with the
frequency of sensitization to aeroallergens (51). Likewise, Yao et al. found a statistically non-
significant higher prevalence of allergic sensitization in 5,351 Taiwanese children (53).
Somewhat in contrast, a study by Byberg et al. involving 617 study participants found BMI in
early childhood to be positively associated with atopic sensitization in later childhood (48).
Also, in a study of 139 individuals, Lokaj-Berisha et al. found high BMI to be associated with

atopy (50).
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Strengths of the current study include the fact that the SNPs were preselected
from GWAS studies of populations different from our own but of the same ethnicity. Since
most of the SNPs had small individual effects, we constructed a genetic risk-score where the
multidimensional genetic data were collapsed into one variable. Risk-scores -as opposed to
the individual variants- may be stronger instruments (69). Each SNP in the SNP-score had to
fullfil the requirements for an IV in order for the score to be a valid instrument (70). All but
two of the SNPs had F-values above 10 in the UK Biobank data, and the F-value was 2000
for the SNP-score.

Limitations of the study include the low power in the analyses of allergic
sensitization and serum total IgE compared with the power in the analyses of asthma, hay
fever, and lung function. The hay fever variable in the UK Biobank included eczema which is
a less specific variable for hay fever than most of the other studies. However, we assessed
three additional hay fever variables from the UK Biobank with similar results which indicates
that the misclassification did not seriously bias our results. The main weaknesses of the three
additional hay fever variables were the fact that the first was measured at follow-up in 2015
in a subgroup only; the second only included participants who would classify their hay fever
as a serious illness or disability; and the third additional hay fever variable was based on self-
reported medication rather than doctor diagnosed hay fever. In addition, the definition of hay
fever in the SHIP TREND Study differs. However, the estimate and confidence intervals of
the association between the genetic risk score and hay fever were equal to the third decimal
place which means that this potential misclassification did not seriously bias our results.

Causal inference may be distorted by a number of violators of the Mendelian
randomization assumptions, e.g., pleiotropy where the genetic marker has diverse biological
functions. This assumption may be more plausible for specific proteins or serum markers than

for a general phenotype such as BMI. However, MR Egger and median regressions showed
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little sign of pleiotropy in the BMI-associated SNPs and asthma. There was also a high
degree of consistency in the predicted effect of each single-SNP on asthma (Figure S5). Also,
we found little evidence of associations between the included SNPs and the possible
confounders, age, sex, smoking and alcohol intake in the UK Biobank data. There were no
obvious trends or consistencies regarding the SNPs with signs of Hardy-Weinberg
disequilibrium, neither relating to the SNPs nor the studies, and we consider these chance
findings. This was corroborated by analyses excluding the three SNPs in Hardy-Weinberg
disequilibrium in the UK Biobank Study as listed in the results. Weak instrument bias is a
particular concern in small studies when using genetic variants that explain only little
variation in the risk factor (71). Weak instrument bias can be introduced in one-sample MR
studies because the associations of the SNPs with the risk factor and outcome are correlated.
The causal estimate will be biased in the direction of the observational association contrary to
a two-sample Mendelian randomization analysis where any weak instrument bias is in the
direction of the null. Even so, in support of using an overlapping sample in the current study,
the SNP-score was constructed from SNPs not discovered in the included studies, the SNP-
score did not use (internal) weights, and it had a high F-value. The current study included the
very large UK Biobank Study that had acceptable F-values for the large majority of the SNPs.
The estimates in UK Biobank data were similar to the meta-analysis estimates for asthma,
hay fever, and lung function. In addition, results from two-sample Mendelian randomization
analyses of hay fever, asthma, FEV1, and FVC were almost identical to the one-sample
analyses which means that weak instrument bias does not seriously bias our results. The
results from using a weighted genetic risk score supported our findings from using a simple

genetic risk score.
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In conclusion, we found that genetically determined higher BMI was associated
with a higher prevalence of asthma and lower lung function. Taken together with the
traditional observational results and the existing evidence, the results are supportive of a
positive causal relation between BMI and asthma and an inverse relation with FEV1 and

FVC.
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Figure 1. One- and two-sample 1V analysis and fixed effects meta-analysis of the observational estimates of age-
and sex-adjusted associations between BMI and hay fever, asthma, and allergic sensitization, respectively. The
numbers of persons included in the two-sample IV analysis are shown as ‘number in first stage analysis’/‘number
in second stage analysis’. Abbreviations: Cl, confidence interval, BMI, body mass index; 1V, instrumental
variable.

Figure 2. One- and two-sample 1V analysis and fixed effects meta-analysis of the observational estimates of
BMI (kg/m?) with FEV1 (litre), FVC (litre), and log(IgE). The IV estimates are generated from unadjusted first
and second stage analyses. Units are noted in parentheses. The numbers of persons included in the two-sample
IV analysis are shown as ‘number in first stage analysis’/‘number in second stage analysis’. Abbreviations: Cl,
confidence interval; BMI, body mass index; IV, instrumental variable.

Figure 3. Age- and sex-adjusted associations of each BMI-associated SNP and the log2-transformed BMI.

References

1 Beuther DA, Sutherland ER. Overweight, obesity, and incident asthma: a meta-
analysis of prospective epidemiologic studies. Am J Respir Crit Care Med
2007;175:661-6.

2 Fenger RV, Gonzalez-Quintela A, Vidal C, Husemoen L, Skaaby T, Thuesen BH, et
al. The longitudinal relationship of changes of adiposity to changes in pulmonary
function and risk of asthma in a general adult population. BMC Pulm Med
2014:14:208.

3 Chen Y, Rennie D, Cormier Y, Dosman J. Atopy, obesity, and asthma in adults: the
Humboldt study. J Agromedicine 2009;14:222-7.

4 ChenY, Rennie D, Cormier Y, Dosman J. Association between obesity and atopy in
adults. Int Arch Allergy Immunol 2010;153:372-7.

5 Hersoug LG, Linneberg A. The link between the epidemics of obesity and allergic
diseases: does obesity induce decreased immune tolerance? Allergy 2007;62:1205-13.

6 Jones RL, Nzekwu MM. The effects of body mass index on lung volumes. Chest
2006;130:827-33.

7 Farah CS, Salome CM. Asthma and obesity: a known association but unknown
mechanism. Respirology 2012;17:412-21.

8 Wang LY, Cerny FJ, Kufel TJ, Grant BJ. Simulated obesity-related changes in lung
volume increases airway responsiveness in lean, nonasthmatic subjects. Chest
2006;130:834-40.

9 Shore SA. Obesity and asthma: possible mechanisms. J Allergy Clin Immunol
2008;121:1087-93.

10 Sismanopoulos N, Delivanis DA, Mavrommati D, Hatziagelaki E, Conti P,
Theoharides TC. Do mast cells link obesity and asthma? Allergy 2013;68:8-15.

11 Payne V, Kam PC. Mast cell tryptase: a review of its physiology and clinical
significance. Anaesthesia 2004;59:695-703.

This article is protected by copyright. All rights reserved.



12

13

14

15

16

17

18

19

20

21

22

23

24

Skaaby T, Vestergaard H, Thomsen S, Knudsen AL, Jorgensen N, Linneberg A. No
changes in serum tryptase after bariatric surgery. Ann Epidemiol 2015;25:800-1.

Granell R, Henderson AJ, Evans DM, Smith GD, Ness AR, Lewis S, et al. Effects of
BMI, fat mass, and lean mass on asthma in childhood: a Mendelian randomization
study. PLoS Med 2014;11:¢1001669.

Davey Smith G., Timpson N, Ebrahim S. Strengthening causal inference in
cardiovascular epidemiology through Mendelian randomization. Ann Med
2008;40:524-41.

Zimmermann E, Angquist LH, Mirza SS, Zhao JH, Chasman DI, Fischer K, et al. Is
the adiposity-associated FTO gene variant related to all-cause mortality independent
of adiposity? Meta-analysis of data from 169,551 Caucasian adults. Obes Rev
2015;16:327-40.

Thorleifsson G, Walters GB, Gudbjartsson DF, Steinthorsdottir V, Sulem P,
Helgadottir A, et al. Genome-wide association yields new sequence variants at seven
loci that associate with measures of obesity. Nat Genet 2009;41:18-24.

Meyre D, Delplanque J, Chevre JC, Lecoeur C, Lobbens S, Gallina S, et al. Genome-
wide association study for early-onset and morbid adult obesity identifies three new
risk loci in European populations. Nat Genet 2009;41:157-9.

Loos RJ, Lindgren CM, Li S, Wheeler E, Zhao JH, Prokopenko I, et al. Common
variants near MC4R are associated with fat mass, weight and risk of obesity. Nat
Genet 2008;40:768-75.

Liu YJ, Liu XG, Wang L, Dina C, Yan H, Liu JF, et al. Genome-wide association
scans identified CTNNBL1 as a novel gene for obesity. Hum Mol Genet
2008;17:1803-13.

Lindgren CM, Heid IM, Randall JC, Lamina C, Steinthorsdottir V, Qi L, et al.
Genome-wide association scan meta-analysis identifies three Loci influencing
adiposity and fat distribution. PLoS Genet 2009;5:e1000508.

Heid IM, Jackson AU, Randall JC, Winkler TW, Qi L, Steinthorsdottir V, et al. Meta-
analysis identifies 13 new loci associated with waist-hip ratio and reveals sexual
dimorphism in the genetic basis of fat distribution. Nat Genet 2010;42:949-60.

Heard-Costa NL, Zillikens MC, Monda KL, Johansson A, Harris TB, Fu M, et al.
NRXNS3 is a novel locus for waist circumference: a genome-wide association study
from the CHARGE Consortium. PLoS Genet 2009;5:e1000539.

Benzinou M, Creemers JW, Choquet H, Lobbens S, Dina C, Durand E, et al.
Common nonsynonymous variants in PCSK1 confer risk of obesity. Nat Genet
2008;40:943-5.

Frayling TM, Timpson NJ, Weedon MN, Zeggini E, Freathy RM, Lindgren CM, et al.
A common variant in the FTO gene is associated with body mass index and
predisposes to childhood and adult obesity. Science 2007;316:889-94.

This article is protected by copyright. All rights reserved.



25

26

27

28

29

30

31

32

33

34

35

36

37

Willer CJ, Speliotes EK, Loos RJ, Li S, Lindgren CM, Heid IM, et al. Six new loci
associated with body mass index highlight a neuronal influence on body weight
regulation. Nat Genet 2009;41:25-34.

Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, Jackson AU, et al.
Association analyses of 249,796 individuals reveal 18 new loci associated with body
mass index. Nat Genet 2010;42:937-48.

Scuteri A, Sanna S, Chen WM, Uda M, Albai G, Strait J, et al. Genome-wide
association scan shows genetic variants in the FTO gene are associated with obesity-
related traits. PLoS Genet 2007;3:e115.

Cotsapas C, Speliotes EK, Hatoum 1J, Greenawalt DM, Dobrin R, Lum PY, et al.
Common body mass index-associated variants confer risk of extreme obesity. Hum
Mol Genet 2009;18:3502-7.

Sandholt CH, Allin KH, Toft U, Borglykke A, Ribel-Madsen R, Sparso T, et al. The
effect of GWAS identified BMI loci on changes in body weight among middle-aged
Danes during a five-year period. Obesity (Silver Spring) 2014;22:901-8.

Larsen SC, Angquist L, Ahluwalia TS, Skaaby T, Roswall N, Tjonneland A, et al.
Interaction between genetic predisposition to obesity and dietary calcium in relation
to subsequent change in body weight and waist circumference. Am J Clin Nutr
2014;99:957-65.

Skaaby T, Jorgensen T, Linneberg A. Effects of invitation to participate in health
surveys on the incidence of cardiovascular disease: a randomized general population
study. Int J Epidemiol 2016.

Skaaby T, Husemoen LL, Thuesen BH, Jeppesen J, Linneberg A. The association of
atopy with incidence of ischemic heart disease, stroke, and diabetes. Endocrine 2014.

Skaaby T, Husemoen LL, Thuesen BH, Jorgensen T, Linneberg A. Lifestyle-Related
Factors and Atopy in Seven Danish Population-Based Studies from Different Time
Periods. PL0S One 2015;10:e0137406.

Skaaby T, Husemoen LL, Thuesen BH, Pisinger C, Hannemann A, Jorgensen T, et al.
Longitudinal associations between lifestyle and vitamin D: A general population
study with repeated vitamin D measurements. Endocrine 2015.

John U, Greiner B, Hensel E, Ludemann J, Piek M, Sauer S, et al. Study of Health In
Pomerania (SHIP): a health examination survey in an east German region: objectives
and design. Soz Praventivmed 2001;46:186-94.

Volzke H, Alte D, Schmidt CO, Radke D, Lorbeer R, Friedrich N, et al. Cohort
profile: the study of health in Pomerania. Int J Epidemiol 2011;40:294-307.

Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank: an
open access resource for identifying the causes of a wide range of complex diseases of
middle and old age. PLoS Med 2015;12:e1001779.

This article is protected by copyright. All rights reserved.



38

39

40

41

42

43

44

45

46

47

48

49

50

Peterson RE, Maes HH, Lin P, Kramer JR, Hesselbrock VM, Bauer LO, et al. On the
association of common and rare genetic variation influencing body mass index: a
combined SNP and CNV analysis. BMC Genomics 2014;15:368.

Thuesen BH, Husemoen LL, Ovesen L, Jorgensen T, Fenger M, Gilderson G, et al.
Atopy, asthma, and lung function in relation to folate and vitamin B(12) in adults.
Allergy 2010;65:1446-54.

Pierce BL, Ahsan H, Vanderweele TJ. Power and instrument strength requirements
for Mendelian randomization studies using multiple genetic variants. Int J Epidemiol
2011;40:740-52.

Haycock PC, Burgess S, Wade KH, Bowden J, Relton C, Davey SG. Best (but oft-
forgotten) practices: the design, analysis, and interpretation of Mendelian
randomization studies. Am J Clin Nutr 2016;103:965-78.

Skaaby T, Taylor AE, Jacobsen RK, Paternoster L, Thuesen BH, Ahluwalia TS, et al.
Investigating the causal effect of smoking on hay fever and asthma: a Mendelian
randomization meta-analysis in the CARTA consortium. Sci Rep 2017;7:2224.

Haycock PC, Burgess S, Nounu A, Zheng J, Okoli GN, Bowden J, et al. Association
Between Telomere Length and Risk of Cancer and Non-Neoplastic Diseases: A
Mendelian Randomization Study. JAMA Oncol 2017.

Boulet LP. Obesity and atopy. Clin Exp Allergy 2014.

Flaherman V, Rutherford GW. A meta-analysis of the effect of high weight on
asthma. Arch Dis Child 2006;91:334-9.

Guh DP, Zhang W, Bansback N, Amarsi Z, Birmingham CL, Anis AH. The incidence
of co-morbidities related to obesity and overweight: a systematic review and meta-
analysis. BMC Public Health 2009;9:88.

Visness CM, London SJ, Daniels JL, Kaufman JS, Yeatts KB, Siega-Riz AM, et al.
Association of childhood obesity with atopic and nonatopic asthma: results from the
National Health and Nutrition Examination Survey 1999-2006. J Asthma
2010;47:822-9.

Byberg KK, Eide GE, Forman MR, Juliusson PB, Oymar K. Body mass index and
physical activity in early childhood are associated with atopic sensitization, atopic
dermatitis and asthma in later childhood. Clin Transl Allergy 2016;6:33-0124.

Ronmark EP, Ekerljung L, Mincheva R, Sjolander S, Hagstad S, Wennergren G, et al.
Different risk factor patterns for adult asthma, rhinitis and eczema: results from West
Sweden Asthma Study. Clin Transl Allergy 2016;6:28. doi: 10.1186/s13601-016-
0112-0. eCollection;%2016.:28-0112.

Lokaj-Berisha V, Gacaferri-Lumezi B, Minci-Bejtullahu G, Latifi-Pupovci H,
Karahoda-Gjurgjeala N, Berisha N, et al. Gender Associated High Body Mass Index
in Allergic Diseases. Open Access Maced J Med Sci 2015;3:69-74.

This article is protected by copyright. All rights reserved.



o1

52

53

54

55

56

57

58

59

60

61

62

63

64

Sybilski AJ, Raciborski F, Lipiec A, Tomaszewska A, Lusawa A, Furmanczyk K, et
al. Obesity--a risk factor for asthma, but not for atopic dermatitis, allergic rhinitis and
sensitization. Public Health Nutr 2015;18:530-6.

Konno S, Hizawa N, Fukutomi Y, Taniguchi M, Kawagishi Y, Okada C, et al. The
prevalence of rhinitis and its association with smoking and obesity in a nationwide
survey of Japanese adults. Allergy 2012;67:653-60.

Yao TC, Ou LS, Yeh KW, Lee WI, Chen LC, Huang JL. Associations of age, gender,
and BMI with prevalence of allergic diseases in children: PATCH study. J Asthma
2011;48:503-10.

Baumann S, Lorentz A. Obesity - a promoter of allergy? Int Arch Allergy Immunol
2013;162:205-13.

Luo X, Xiang J, Dong X, Cai F, Suo J, Wang Z, et al. Association between obesity
and atopic disorders in Chinese adults: an individually matched case-control study.
BMC Public Health 2013;13:12. doi: 10.1186/1471-2458-13-12.:12-3.

Kreissl S, Radon K, Dressel H, Genuneit J, Kellberger J, Nowak D, et al. Body mass
index change and atopic diseases are not always associated in children and
adolescents. Ann Allergy Asthma Immunol 2014;113:440-4.

Katebi R, Williams G, Bourke M, Harrison A, Verma A. What factors are associated
with the prevalence of atopic symptoms amongst adolescents in Greater Manchester?
Eur J Public Health 2015;ckv139.

Ciprandi G, Schiavetti |, Bellezza FR, Sorbello V, Ricciardolo FL. Overweight and
obesity as risk factors for impaired lung function in patients with asthma: A real-life
experience. Allergy Asthma Proc 2014;35:e62-e71.

Abramson MJ, Schindler C, Schikowski T, Bircher AJ, Burdet L, Gerbase MW, et al.
Rhinitis in Swiss adults is associated with asthma and early life factors, but not
second hand tobacco smoke or obesity. Allergol Int 2016;65:192-8.

Han Y'Y, Forno E, Gogna M, Celedon JC. Obesity and rhinitis in a nationwide study
of children and adults in the United States. J Allergy Clin Immunol 2016;137:1460-5.

Kimura H, Konno S, Isada A, Maeda Y, Musashi M, Nishimura M. Contrasting
associations of body mass index and measles with asthma and rhinitis in young adults.
Allergy Asthma Proc 2015;36:293-9.

Ciprandi G, Ricciardolo FL, Signori A, Schiavetti I, Monardo M, Ferraro MR, et al.
Increased body mass index and bronchial impairment in allergic rhinitis. Am J Rhinol
Allergy 2013;27:e195-e201.

Bhattacharyya N. Associations between obesity and inflammatory sinonasal disorders.
Laryngoscope 2013;123:1840-4.

Vieira VJ, Ronan AM, Windt MR, Tagliaferro AR. Elevated atopy in healthy obese
women. Am J Clin Nutr 2005;82:504-9.

This article is protected by copyright. All rights reserved.



65

66

67

68

69

70

71

Xu B, Pekkanen J, Laitinen J, Jarvelin MR. Body build from birth to adulthood and
risk of asthma. Eur J Public Health 2002;12:166-70.

Flexeder C, Bruske I, Magnussen H, Heinrich J. Association between obesity and
atopy in adults? Int Arch Allergy Immunol 2011;156:117-8.

Schachter LM, Peat JK, Salome CM. Asthma and atopy in overweight children.
Thorax 2003;58:1031-5.

Silverberg JI, Silverberg NB, Lee-Wong M. Association between atopic dermatitis
and obesity in adulthood. Br J Dermatol 2012;166:498-504.

Burgess S, Thompson SG. Use of allele scores as instrumental variables for
Mendelian randomization. Int J Epidemiol 2013;42:1134-44.

Burgess S, Thompson SG. Use of allele scores as instrumental variables for
Mendelian randomization. Int J Epidemiol 2013;42:1134-44.

Burgess S, Thompson SG. Improving bias and coverage in instrumental variable
analysis with weak instruments for continuous and binary outcomes. Stat Med
2012;31:1582-600.

This article is protected by copyright. All rights reserved.



Table 1. BMI-associated SNPs (16-28)

Effect’/oth | Effect size

SNP or (kg /mz)*
rs10838738 G/A 0.06
rs10938397 G/IA 0.18
rs10968576 G/A 0.11
rs11847697 T/C 0.17
rs12444979 CIT 0.17
rs13107325 T/C 0.19
rs1424233 A/G 0.03 (17)
rs1514175 T/C 0.07
rs1555543 C/IA 0.06
rs17782313 CIT 0.23
rs1805081 AlG 0.039 (17)
rs206936 G/IA 0.06
rs2112347 T/G 0.10
rs2241423 G/A 0.13
rs2287019 CIT 0.15
rs2568958 A/G 0.13
rs29941 G/IA 0.06
rs3810291 AIG 0.09
rs4929949 CIT 0.06
rs543874 G/A 0.22
rs713586 CIT 0.14
rs7647305 CIT 0.14
rs9939609 AIT 0.39
rs10146997 G/A 0.13
rs1121980 AlG 0.06 (18)
rs7138803 A/G 0.12

“The effect allele is the allele
associated with higher BMI.
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Table 2. Descriptive statistics of the study populations.

MONICA10 HEALTH2006 INTER99 HEALTH2008 SHIP SHIP TREND | UK BIOBANK
Total, N*
1833 | 3369 | 6404 | 783 4298 | 986 | 472824
Males, % (N)
49.7 (911) | 44.88 (1,512) | 48.39 (3,099) | 43.81 (343) | 49.12 (2,111) | 43.81(432)| 4554 (215,309)
Hay fever, % (N)
11.1 (203) | 17.9 (603) | NA | 21.2 (166) | 7.91 (340) | 14.30 (141)|  22.95 (108516)
Asthma, % (N)
6.9 (127) | 106 (357) | 8.65 (535) | 11.75 (92) | 11.47 (488) | 4.16 (41) | 11.53 (54503)
Allergic sensitization, % (N)
17.9 (329) | 23.18 (781) | 34.55 (1,962) | 27.46 (215)| NA | NA | NA
Age, years, median (IQR)
52 (42, 61)| 50 (40,60) | 45 (40, 50) | 46 (40,53) | 50 (36, 63) | 50 (40, 61) | 58 (50, 63)

BMI, kg/m? median (IQR)

25.3(23,28.3)| 25.2(22.6,28.2) |

25.6 (23.1,28.7) |

25.1(22.9,28.3)]

26.9 (23.8,30.1) |

27.0 (24.1,30.1) |

26.7 (24.1, 29.9)

FEV1, I, median (IQR)

2.9 (2.4,3.5)] 3(2.5,36)] 3.1(2.7,3.7) | 3.2(2.7,3.9) ] NA| NA | 2.8(2.3,3.3)
Serum total IgE, 1U/ml, median (IQR)
NA | NA | 28 (10.6, 76) | NA| 36.5(16.8,103)] NA | NA
Height, cm, median (IQR)
169 (162.5,176) | 171 (165,178.6)| 172 (165, 179) | 172 (166.2, 180.3) | NA | NA| 168 (162, 175)
FVC, I, median (IQR)
3.7(31,45)] 3.9(33,46)] 4(34,48)] 4(34,48)] NA | NA | 3.6 (3, 4.4)
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" The largest number included in the analyses. Abbreviations: IgE, immunoglobulin E; IQR, interquartile range; Monica, Monitoring of trends and
determinants in Cardiovascular Diseases; NA, not available; SHIP, Study of Health in Pomerania; UK Biobank, United Kingdom Biobank.

Table 3. Observational studies of the association between BMI and asthma (incl. two meta-analyses)

Study characteristics

Exposure”

Effect size” (95% ClI)

QOutcome

Rénmark, 2016 (56)
1172 adults and adolescent, 16-75y,
Sweden, cross-sectional

BMI normal if 20-25 kg/m?, overweight
25-30 kg/m?, obese >30 kg/m?

Overweight: OR=1.04 (0.65-1.67)
Obese: OR=1.95 (1.13-3.36)

Self-reported
current asthma

Females: Overweight: OR=0.96 (0.58,

Sybilski, 2015 (58) Normal weight: BM1=18.5-24.9 kg/m? o Clinically
2133 adults, 2044 y, Poland, cross- Overweight: BMI=25.0-29.9 kg/m? |1‘6_1)' Obesg. r?_R_l'E’O (0.76, 2.95) diagnosed
sectional Obese: BMI>30.0 kg/m? Males: Overweight: OR=1.05(0.64, 1.72). asthma
' - Obese: OR=0.54 (0.22, 1.31)
Konno, 2012 (59) Self-reported height and weight 20-44y: Over}/velght: OR=1.05 (0.63, Self-reported
. ) - 1.76). Obese: OR=2.01 (0.98, 4.10) asthma
22819 adults 2079y, cross-sectional, BMI: normal 18.50-24.99, overweight 9 0 ight: OR= 0 h
Japan 25.00-29.99, obese >30.00 kg/m 45-79 years: Overweight: OR=1.44 (1.04, without
' - 1.99). Obese: OR=2.31 (1.15, 4.64) rhinitis
Yao, 2011 (60) Obesity and overweight defined R
. i i : i N Overweight: OR=1.19 (0.95, 1.49) Self-reported
535_1 chlldrer_1 aged 4-18 y, cross according to the age- and gender-specific Obese: OR=1.52 (1.13, 2.06) asthma
sectional, Taiwan cut-off values
Luo, 2013 (61) 2 . Doctor-
266 atopics and 532 matched healthy BMIZ28.0 kg/m’ were considered as Obese: OR™"=7.1 (0.8, 62.4) diagnosed
. : obese ;
controls, >18 vy, cross-sectional, China atopic asthma
Kreissl, 2014 (62) Overweight: BMI in at least the 90th Change from normal weight to overweight Incident
1794 adolescents, 9-11 y (16-18 y at percentile according to German age- and during follow-up: OR=1.4 (0.8, 2.3) asthma

follow-up), longitudinal, Germany

sex-specific reference values

Katebi, 2015 (63)
3466 adolescents, 14-16 vy, cross-
sectional, UK

Self-reported BMI

No association (no estimate available)

Self-reported
wheezing in
last 12 months

Visness 2010 (54)
16074 children and adolescents, 2-19
y, cross-sectional, United States

Overweight: > 85th percentile of BMI-
for-age. Obese > 95th percentile of BMI-
for-age

Overweight: OR=1.32 (1.08, 1.60)
Obese: OR=1.68 (1.33, 2.12)

Self-reported
current asthma

Beuther, 2004 (1)

Normal weight (BMI <25), overweight

Overweight: OR=1.38 (1.17, 1.62)

Incident self-
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333102 adults, meta-analysis, 7
longitudinal studies, United States,
Canada, and Europe

(BMI: 25-29.9), and obese (BMI >30)

Obese: OR=1.92 (1.43, 2.59)

reported
asthma

Fra Flaherman 2006 (52)

~40000 persons, 0-31 y, meta-analysis,
12 studies, pro- or retrospective,
Europe, New Zeeland, United States

High body weight:
BMI >85th centile, ponderal index >2.5
g/lem?® or >27 kg/m?, and birth weight
>3.8kg

High birth weight: pooled RR=1.2 (1.1,
1.3).
High body weight in childhood: pooled
RR=1.5, (1.2,1.8)

Incident
asthma

“ Measured anthropometrics and calculated BMI unless otherwise stated.” Compared to persons with normal BMI. “ For cases vs.

index; Cl, confidence interval; OR, odds ratio; RR, risk ratio; y, years.

Table 4. Observational studies of the association between BMI and hay fever.

controls. Abbreviations: BMI, body mass

First author Characteristics Findings Effect
3047 adults, cross-sectional, . . . o
Abramson (66) Switzerland, 2016 No associations between obesity and allergic- or non-allergic rhinitis 0
. 3466 adolescents, 14-16 y, cross- i
Katebi (63) sectional. UK, 2015 No associations between self-reported BMI and symptoms of hay fever 0
Baumann (64) 34 studies, review, 2013 No clear association between obesity and prevalent allergic rhinitis 0

Han (67)

2358 children, 6-17 y, cross-sectional,
UsS, 2016

Central obesity was associated with lower odds of allergic rhinitis -

Kimura (68)

4076 non-smokers, 18-25'y, cross-
sectional, Japan, 2015

Allergic rhinitis inversely associated with BMI

Ciprandi (65)

286 asthmatics, cross-sectional, 2014

Lower risk of allergic rhinitis in overweight and obese

22819 adults, 20-79 y, cross-sectional,

Obesity inversely associated with rhinitis without asthma, particularly

Konno (59) Japan, 2012 in the 20-44 year olds B
Sybilski (58) 10000 adults, 20 &4y, Sross-sectional, | overweight/obesity inversely associated with allergic rhinitis in men -
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Ronmark (56)

1172 adults, 16-75 'y, cross-sectional,
Sweden, 2016

Obesity a risk factor for rhinitis

Ciprandi (69)

155 allergic rhinitis patients,155
controls, cross-sectional, 2013

BMI significantly higher in allergic rhinitis patients than controls

1794 adolescents, 16-18 y,

Kreissl (62) prospective, Germany, 2014 BMI positively associated with incident rhinitis
Bhattacharyya (70) | 46617 adults, cross-sectional, US, 2013 BMI positively associated with allergic rhinitis
266 atopics, 532 controls, cross- . . . L
Luo (61) sectional, China, 2013 Obesity associated with atopic rhinitis
Han (67) 4906 adults, >18 y, cross-sectional, US, | Obesity positively associated with non-allergic (not allergic) rhinitis,

2016

particularly men

Abbreviations: BMI, body mass index; vy, years.
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One-sample IV analysis N Odds ratio (95% CI) P-value

Hay fever 156428 —_— 0.987 (0.960, 1.014) 0.343
Asthma 162124 —_— 1.07 (1.03, 1.10) <0.001
Allergic sensitization 10659 0.994 (0.903, 1.095) 0.906

Two-sample IV analysis

Hay fever 16299/146072 —_—T 0.987 (0.961, 1.013) 0.329

Asthma 16299/146072 —_— 1.06 (1.03, 1.10) <0.001

Observational analysis

Hay fever 481960 - 0.995 (0.994, 0.997) <0.001
Asthma 488095 - 1.037 (1.035, 1.039) <0.001
Allergic sensitization 11659 1+ 1.007 (0.998, 1.0186) 0.131
T T T T
0.90 0.95 1.0 1.05 1.1

QOdds ratio per 1 kg/m2 higher BMI

One-sample IV analysis N Estimate (95% Cl) P-value
FEV1, litre 147303 — -0.008 (-0.015, -0.002)  0.011
FVC, litre 147303 —_— -0.016 (-0.024, -0.007)  <0.001
Log(IgE) 8617 0.021 (-0.047, 0.089)  0.547

Two-sample IV analysis

FEV1, litre 16299/136479 — -0.008 (-0.014, -0.001)  0.024

FVC, litre 16299/136479 —_— -0.014 (-0.023, -0.006)  0.001

Observational analysis

FEV1, litre 438538 - -0.012 (-0.013, -0.012)  <0.001
FVC, litre 438538 - -0.024 (-0.025, -0.024)  <0.001
Log(IgE) 9108 —_ 0.019 (0.013, 0.025) <0.001
T T T
-0.05 0 0.05 0.1

Estimate per 1 kg/m2 higher BMI
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SNP

Estimate (95% CI)

rs10838738 —— 0.006 (0.005, 0.008)
rs10938397 — 0.008 (0.007, 0.010)
rs10968576 — 0.006 (0.005, 0.008)
rs11847697 —_— 0.006 (0.002, 0.010)
rs12444979 B 0.008 (0.005, 0.010)
rs13107325 I — 0.011 (0.008, 0.014)
rs1424233 —— 0.011 (0.008, 0.014)
rs1514175 B — 0.001 (0.000, 0.003)
rs1555543 —— 0.004 (0.002, 0.006)
rs17782313 —_— 0.004 (0.003, 0.006)
rs1805081 — 0.012 (0.010, 0.014)
rs206936 e — 0.005 (0.003, 0.007)
rs2112347 B 0.007 (0.005, 0.008)
rs2241423 e — 0.008 (0.006, 0.010)
rs2287019 0.003 (-0.003, 0.010)
rs2568958 —— 0.006 (0.005, 0.008)
rs29941 —— 0.004 (0.003, 0.006)
rs3810291 —_— 0.006 (0.004, 0.008)
rs4929949 S — 0.003 (0.001, 0.005)
rs543874 — 0.013 (0.011, 0.015)
rs713586 — 0.009 (0.007, 0.010)
rs7647305 0.008 (0.001, 0.014)
rs9939609 ——— 0.018 (0.016, 0.020)
rs10146997 —_— 0.005 (0.003, 0.007)
rs1121980 —s—— 0.018 (0.017, 0.020)
rs7138803 e — 0.007 (0.005, 0.009)
| | | |
0 0.005 0.01 0.015 0.02

Log2(BMI) per allele

This article is protected by copyright. All rights reserved.
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Study descriptions

The MonicalO study

From 1982-1984, a random sample of 4807 individuals from the referral area of Glostrup
County Hospital was invited to the Danish MONICA | hedlth survey (1). The study was part
of the international World Health Organization (WHO) study, MONItoring of trends and
determinants in CArdiovascular Diseases (MONICA). The Danish sample was selected as an
equal number of men and women born in 1922, 1932, 1942 or 1952 (age 30, 40, 50 and 60
years). A total of 226 individuals, who were not of Danish nationality, was excluded. Of the
4581 remaining, 3608 participated (79%). Here, we used data from the follow-up
examination performed in 1993-1994, called Dan-MONICA10. Intotal, 428 persons had died
and 23 had moved and were unreachable. The remaining 4130 individuals wereinvited to a
new examination, when they were aged 41, 51, 61, or 71 years old. A total of 2656 (64%)
participated in the Dan-MONICA10 study. The health examinations took place a Research
Centre for Prevention and Health, Glostrup, Denmark. Participants completed a questionnaire
about cardiovascular risk factors, medical history and lifestyle habits. A physical examination
was done by trained staff.

Hay fever, asthma, allergic sensitization, serumtotal IgE, FEV1, and FVC

Hay fever was defined as a confirmatory answer to the question: “Has a doctor ever told you
that you had allergic hay fever?” Asthma was defined as a confirmatory answer to the
question: “Has a doctor ever told you that you had asthma?” Allergic sensitization was
defined as serum specific IgE positivity as described in previous studies (2-5). In the
Monical study, serum specific IgE positivity was tested using the ADVIA Centaur Allergy
Screen assay (Bayer HealthCare Diagnostics division, Tarrytown, N.Y ., USA) (6), amulti-
allergen assay to detect specific serum IgE antibodies to 19 common inhalant allergens.
Allergic sensitization was defined as one or more positive results in accordance with the
manufacturer’s instructions. Serum total IgE was not measured. FEV 1 and FVC were
measured with spirometry.

Body mass index
Height and weight were measured, and body mass index (BMI) was calculated as weight
divided by height squared, expressed in kg/m?.

Genotyping
Genotyping of the 26 SNPs was done by KBiosciences allele-specific PCR (KASPar)
(KBioscience, Hoddesdon, UK).

Ethics
Ethics approvals were given by the local research ethics committees. The participants gave
written consent, and the study was done in accordance with the Second Helsinki Declaration.

Funding and acknowl edgements

The Dan-M ONICA 10 study was sponsored by The Danish Heart Foundation; the Danish
Medical Research Council; The Danish Hospital Foundation of Medical Research, region of
Copenhagen, the Faroe Islands and Greenland; The Danish Health Insurance Foundation; The
Foundation of E. & M. Wedel-Wedellsborg; Landsforeningen til Bekaampel se af



Kredsl gbssygdomme; The Augustinus Foundation; The Becket Foundation; and The
Foundation of senior registrar J. & L. Boserup.

Health2006

The Health2006 study took place between 2006 and 2008. It included a random sample of
7,931 Danish (Danish nationality and born in Denmark) men and women aged 18-69 years
invited to a health examination (7). A total of 3,471 (43.8%) participated. Participants living
in the Copenhagen area were identified in the central Danish Civil Registration System and
recruited by invitation. The am was to investigate the prevalence and risk factors of chronic
diseases such as asthma and allergies, cardiovascular disease, and diabetes.

Genotyping

Blood samples were drawn from the participants as part of the health examination. The buffy
coat was frozen for DNA extraction. Genotyping the 26 SNPs was performed by [llumina
iSelect genotyping.

Hay fever, asthma, allergic sensitization, serumtotal IgE, FEV1, and FVC

We used the ADVIA Centaur sIgE assay (Bayer Corporation, New York, NY) to assess
serum specific IgE to mite (Dermatophagoides [D.] pteronyssinus), grass, cat, and birch(8).
The specific IgE analysis was positive if the measurement was 20.35 kU/I. Allergic
sensitization was defined as one or more positive tests for specific IgE against the above
mentioned alergens. Classification of hay fever and asthma was done using the questions:
”Has a doctor ever told you that you had/have hay fever?” and "Has a doctor ever told you
that you had/have asthma?”. Spirometry was performed with the Spiro USB Spirometer
(MicroMedical Limited, Rochester, Kent, UK). Measurements of forced expiratory volumein
one second (FEV 1) and forced vital capacity (FV C) were recorded. Serum total IgE was not
measured.

Body mass index
Height and weight were measured, and body massindex (BMI) was calculated as weight
divided by height squared, expressed in kg/m?.

Ethics

The Health2006 study was approved by the Ethica Committee of Copenhagen (KA-
20060011) and the Danish Data Protection Agency. Informed written consent was obtained
from al participants.

Funding and acknowl edgements

The Health2006 study was financialy supported by grants from the Velux Foundation; the
Danish Medical Research Council, Danish Agency for Science, Technology and Innovation;
the Aase and Ejner Danielsens Foundation; ALK-Abello” A/S (Harsholm, Denmark), Timber
Merchant Vilhelm Bangs Foundation, MEK OS Laboratories (Denmark) and Research Centre
for Prevention and Health, the Capital Region of Denmark.



Health2008

The Health2008 study was initiated in 2008 and completed in 2009 (9-11). Participants were
recruited from the Danish Central Personal Register as random samples of the population in
the Western part of the Copenhagen Region (11). A total of 2218 persons 30-60 years of age
was invited. Pregnant women, persons with known diabetes, chronic obstructive pulmonary
disease, cardiovascular disease, hypertension, a history of blood clots, or unable to participate
in physical activities were excluded. Thus, 795 participated (participation rate 36%). The
study included questionnaire, interview, and clinical and biochemical data (11).

Genotyping

DNA was extracted from blood samples taken as part of their health examination.
Genotyping was performed with the Illumina Human Exome BeadChip (version 1.2) by the
[llumina HiScan (Illumina, San Diego, CA). Genotypes were called by the genotyping
module (version 1.9.4) of GenomeStudio software (version 2011.1; [Hlumina).

Hay fever, asthma, allergic sensitization, serumtotal IgE, FEV1, and FVC

Classification of hay fever and asthma was done by the questions: ”Has a doctor ever told
you that you had hay fever?” and ”Has a doctor ever told you that you had asthma”. The
ADVIA Centaur slgE assay (Bayer Corporation, New York, NY) was used to test serum
specific IgE to mite (Dermatophagoides [D.] pteronyssinus), grass, cat, and birch. Allergic
sensitization was defined as serum specific IgE positivity to one or more of the allergens.
Spirometry was performed with the Spiro USB Spirometer (MicroMedica Limited,
Rochester, Kent, UK). Measurements of forced expiratory volume in one second (FEV 1) and
forced vital capacity (FVC) were recorded. Serum total IgE levels were not measured.

Body mass index

Anthropometric measures were obtained with participants in light clothing and without shoes.
Height was measured to the nearest cm and weight to the nearest 0.1 kg. Body mass index
(BM1) was calculated as kg/m?.

Ethics

The study was approved by the Ethics Committee of Copenhagen and the Danish Data
Protection Agency. The recommendations of the Declaration of Helsinki were followed, and
participants gave their informed written consent.

Funding and acknowl edgements

This work was supported by the Timber Merchant Vilhelm Bang’s Foundation, the Danish
Heart Foundation (Grant number 07-10-R61-A1754-B838-22392F), and the Health Insurance
Foundation (Grant number 2012B233).

Inter99

The Inter99 study is registered as arandomised controlled trial (CT00289237,
ClinicalTrials.gov) and aimed to investigate the effects of lifestyle interventions on
cardiovascular disease (N=61,301)(12). A random subsample of 12,934 men and women



aged approximately 30, 35, 40, 45, 50, 55, or 65 years was invited to a health examination
during 1999-2001. Participants were from the Copenhagen area and were identified in the
central Danish Civil Registration System and recruited by an invitation letter. A total of 6,784
participated. Persons with a Northern European origin only (Denmark, Norway, Sweden,
Iceland, and Faeroe Islands) were included in the present study.

Genotyping
DNA was extracted from the blood samples, and genotyping of the 26 SNPs was performed
by IlluminaiSelect genotyping.

Hay fever, asthma, allergic sensitization, serumtotal IgE, FEV1, and FVC

Asthmawas defined as a confirmatory answer to the question: “Has a doctor ever told you
that you had asthma?” Serum samples were analyzed for specific IgE to mite (D.
pteronyssinus), grass, cat, and birch by the IMMULITE 2000 Allergy Immunoassay System
(13). The specific IgE analysis was defined to be positive if the measurement was=0.35 kU/I.
Allergic sensitization was defined as a positive test against any of the allergens. Hay fever
was not determined. Serum total IgE was measured with IMMULITE_ 2000 Allergy
Immunoassay System in 2008(13). Spirometry was performed with the Cardiosoft® software
(GE Medical Systems, Freiburg, Germany) and an LF501 respiration flow transducer (Erich
Jaeger B.V. and Marquette Hellige GmbH, Freiburg, Germany). Each morning, the
spirometers were checked with a 3-L syringe. Measurements of forced expiratory volume in
one second (FEV 1) and forced vital capacity (FV C) were recorded. Spirometry was
performed by trained healthcare professionals and repeated until the participant was assumed
to comply satisfactorily with the equipment.

Body mass index
Height and weight were measured, and body massindex (BMI) was calculated as weight
divided by height squared, expressed in kg/m?.

Ethics
Informed written consent was obtained from all the participants. The study was approved by
the Ethical Committee of Copenhagen.

Funding and acknowl edgements

Data collection in the Inter99 study was economically supported by The Danish Medical
Research Council, The Danish Centre for Evaluation and Health Technology Assessment,
Novo Nordisk, Copenhagen County, The Danish Heart Foundation, The Danish
Pharmaceutical Association, Augustinus foundation, b Henriksen foundation and Becket
foundation.

UK Biobank

The UK Biobank is a prospective study with over 500,000 participants from across the
United Kingdom and aged 40-69 years at recruitment in 2006-2010 (14). The study has data
from questionnaires, physical measures, sample assays, genome-wide genotyping and
longitudinal follow-up for alarge number of health-related outcomes. Here, we use the
interim UK Biobank genetic data that comprise more than 150,000 samples. We have
restricted the analyses to participants defined as Caucasian.



Genotyping

Approximately 450,000 of the participants have been or are being genotyped using the UK
Biobank Axiom array from Affymetrix. There are approximately 800,000 markers on this
array. The other approximately 50,000 samples were genotyped on the closely related UK
BiLEVE array. The two arrays are very similar with more than 95% common marker content.

Hay fever, asthma, allergic sensitization, serumtotal IgE, FEV1, and FVC
Hay fever was defined as a confirmatory answer to the question: ”Has a doctor ever told you
that you have had any of the following conditions? Hayfever, allergic rhinitis, or eczema”.
Asthma was defined as a confirmatory answer to the question: “Has a doctor ever told you
that you have had any of the following conditions? Asthma”. Allergic sensitization and serum
total IgE levels were not determined. FEV 1 and FV C were measured by spirometry by a
Vitalograph Pneumotrac 6800 (Vitalograph, UK) operated viaa PC for data capture and in
order to visualise flow graphs from each test. The spirometer was calibrated in the beginning
of each day by the Spirotrac software supplied with the Pneumotrac 6800.

Due to the non-specific hay fever variable (i.e. including eczema), we assessed
three different variables concerning hay fever in additional analyses:

1) Doctor diagnosed hay fever or adlergic rhinitis (N=120,394, the rest excluded). The
participants were asked whether they had been diagnosed as having hay fever or alergic
rhinitis by a doctor. This was asked as part of the online Healthy Work questionnaire in 2015.
Only a subgroup was asked this question. Persons answering confirmatory were defined as
having hay fever, whereas those who did not were classified as not having hay fever.

2) Doctor diagnosed seriousillness: hay fever. If the participants stated in the touch screen
guestionnaire that they had other seriousillnesses or disabilities, they were |later asked by an
interviewer: “In the touch screen you selected that you have been told by a doctor that you
have other serious illnesses or disabilities, could you now tell me what they are?” If the
participant answered “hay fever” the participant was defined as having hay fever according to
this definition. Otherwise, the participants were defined as not having diabetes. Thiswas
assessed in the initial assessment visit 2006-2010 (N=379,887).

3) Self-reported medication for hay fever. This was assessed in the initial assessment visit
2006-2010 (N=364,071). First, from the complete list of >6000 recorded types of medication,
we manually excluded the medication that <100 persons were taking or which we knew was
not used in the treatment of hay fever. Second, for each of the remaining medication, we
assessed the general indication and excluded those not related to or too non-specific to
treatment of hay fever. We ended up with 31 entries aslisted in Table $4. Persons reporting
taking one or more of the medication on the list were defined as having hay fever according
to this definition, and persons who did not were defined as not having hay fever.

Body mass index
Height and weight were measured, and body mass index (BMI) was calcul ated as weight
divided by height squared, expressed in kg/m?.

Ethics
Each participant gave informed consent. An independent Ethics and Governance Council
oversees adherence to the Ethics and Governance Framework (14).



Funding and acknowl edgements

UK Biobank has received funding from the UK Medical Research Council, Wellcome Trust,
Department of Health, British Heart Foundation, Diabetes UK, Northwest Regional
Development Agency, Scottish Government, and Welsh Assembly Government. The MRC
and Wellcome Trust played akey role in the decision to establish UK Biobank, alarge,
population-based, prospective, open access resource that would allow detailed investigations
of the genetic and environmenta determinants of the diseases of middle and old age. The
MRC, Wellcome Trust, Department of Health, and Scottish Chief Scientist Office each have
arepresentative on the UK Biobank Board. The MRC and Wellcome Trust fund the
independent Ethics and Governance Council (14).

SHIP

The Study of Health in Pomerania (SHIP) is a population study in the German region of West
Pomerania. SHIP was planned as a cross-sectional study(15). Examinations were performed
in centers located at Stralsund and Greifswald between 1997 and 2001. SHIP-0 had a
response rate of 68.8%. The response in women was slightly higher (69.4%) than in men
(68.2%). Participation in the different age groups for women ranged from 76.6% (participants
aged between 50 and 60 years) to 49.5% (participants aged between 70 and 80 years) and for
men from 74.3% (participants aged between 50 and 60 years) to 63.2% (participants aged
between 70 and 80 years)(16).

Genotyping

Genotyping was performed using the Human SNP 6.0 Array (Affymetrix, Santa Clara, CA,
USA). Hybridization of genomic DNA was genotyped according to the manufacturer’s
standard recommendations. Genotypes were determined using the Birdseed?2 clustering
algorithm. All remaining arrays had a sample call rate> 92 %.

Hay fever, asthma, allergic sensitization, serumtotal IgE, FEV1, and FVC

Participants were classified as having hay fever if they answered confirmatory to the
question: “Do you sometimes or all the time suffer from hay fever?” Likewise, they were
defined as having alergic asthma or not according to self-reported questionnaire information.
Allergic sensitization was not determined. Serum total IgE was measured by the Latex IgE
test on the BN Il Nephelometer (Dade Behring Marburg GmbH, Marburg, Germany) and
expressed in lU/ml (17). FEV1 and FVC were not available.

Body mass index
Height and weight were measured, and body mass index (BMI) was calcul ated as weight
divided by height squared, expressed in kg/m?.

Ethics

SHIP was planned with support and advice from an external Data Safety and Monitoring
Committee (DSMC). Each participant gave their written informed consent. The study
conformed to the principles of the Declaration of Helsinki and was approved by the Ethics
Committee of the University of Greifswald.

Funding and acknowl edgements



The Study of Health in Pomerania (SHIP) is part of the Research Network of Community
M edicine (www.community-medicine.de).

SHIP TREND

SHIP-TREND is the second cohort of the population project Study of Health in Pomerania
(SHIP). Baseline data were collected from 2008 to 2012 (16).

Genotyping

Genotyping was performed using the Omni 2.5 Array (lllumina, San Diego, CA).
Hybridization of genomic DNA was genotyped according to the manufacturer’s
recommendations. Genotypes were determined using the Birdseed?2 clustering agorithm. All
remaining arrays had a sample cal rate> 94 %.

Hay fever, asthma, allergic sensitization, serumtotal IgE, FEV1, and FVC

In interview, participants were asked whether a physician had ever diagnosed them with
alergy, and if so, which type of alergy. In the current study, participants who answered
“allergy to house dust mite” or “pollen allergy” were defined as having hay fever. A
diagnosis of lung asthma was defined as the participants who reported to have bronchial
asthma. Allergic sensitization and serum total IgE levels were not measured. FEV1 and FVC
were not available.

Body mass index
Height and weight were measured, and body mass index (BMI) was calcul ated as weight
divided by height squared, expressed in kg/m?.

Ethics

SHIP was planned with support and advice from an externa Data safety and Monitoring
Committee (DSMC). Each participant gave their written informed consent. The study
conformed to the principles of the Declaration of Helsinki and was approved by the Ethics
Committee of the University of Greifswald.

Funding and acknowl edgements
The Study of Health in Pomerania (SHIP) is part of the Research Network of Community
M edicine (www.community-medicine.de).




Supplementary tables

Table S1. Overview of study populationsincluded in the project
and available genotyping and phenotypes.

Name of study Exposure | Available SNPs

Monical0 (18) BMI All

Inter99 (19) BMI All

Health2006 (20) BMI All

Health2008 (21) BMI All

SHIP (15) BMI All but rs1514175

SHIP TREND (16) BMI All but rs1514175

UK Biobank (14) BMI All but rs2287019 and rs7647305




Table S2. Allele frequencies and Hardy-Weinber g equilibrium test

MAF (HW)

SNP Monical0 Health2006 | Health2008 Inter99 UK Biobank SHIP SHIP TREND
rs10838738 | 0.35(0.608) | 0.35(0.146) | 0.35(0.725) | 0.35(0.627) 0.35 (0.949) 0.35 (0.376) 0.36 (0.407)
rs10938397 | 0.41(0.157) | 0.41(0.166) | 0.40(0.029) | 0.41(0.867) 0.43 (0') 0.45 (0.635) 0.41 (0.793)
rs10968576 | 0.33(0.995) | 0.31(0.101) | 0.31(0.190) | 0.30(0.750) 0.32 (0.751) 0.31 (0.556) 0.30 (0.652)
rs11847697 | 0.04(0.817) | 0.04(0.110) | 0.04(0.931) | 0.04(0.143) 0.04 (0.161) 0.04 (0.773) 0.04 (0.168)
rs12444979 | 0.13(0.323) | 0.13(0.315) | 0.13(0.103) | 0.12(0.962) 0.14 (0.724) 0.15 (0.982) 0.14 (0.354)
rs13107325 | 0.04(0.181) | 0.04(0.443) | 0.04(0.316) | 0.05(0.480) 0.08 (0.106) 0.08 (0.037') 0.07 (0.435)
rsl424233 | 0.47(0.580) | 0.46(0.334) | 0.48(0.229) | 0.47(0.681) 0.47 (0.948) 0.49 (0.579) 0.48 (0.167)
rsl514175 | 0.42(0.965) | 0.43(0.963) | 0.44(0.718) | 0.42(0.550) 0.43 (0.170) NA NA
rsl555543 | 0.42(0.494) | 041(0451) | 0.42(0.091) | 0.42(0.640) 0.41 (0.082) 0.43 (0.698) 0.42 (0.906)
rs17782313 | 0.25(0.753) | 0.25(0.960) | 0.27(0.043) | 0.25(0.785) 0.23 (0.083) 0.25 (0.728) 0.22 (0.059)
rs1805081 | 0.43(0.364) | 0.43(0.652) | 0.41(0.004) | 0.43(0.254) 0.42 (0.398) 0.43 (0.004') 0.4 (0.105)
rs206936 0.20(0.367) | 0.20(0.414) | 0.20(0.346) | 0.20(0.094) 0.19 (0.079) 0.19 (0.016") 0.20 (0.030')
rs2112347 | 0.36(0.023) | 0.37(0.099) | 0.35(0.976) | 0.37(0.617) 0.36 (0.012') 0.37 (0.872) 0.38 (0.426)
rs2241423 | 022(0.744) | 0.23(0.844) | 0.24(0.588) | 0.23(0.593) 0.22 (0.427) 0.22 (0.517) 0.23 (0.464)
rs2287019 | 0.22(0.084) | 0.21(0.447) | 020(0.115) | 0.21(0.765) NA 0.20 (0.003') 0.22 (0.014')
rs2568958 | 0.43(0.887) | 0.41(0.492) | 0.40(0.768) | 0.41(0.103) 0.40 (0.916) 0.37 (0.588) 0.39 (0.852)
rs29941 0.33(0.616) | 0.33(0.064) | 0.34(0.447) | 0.33(0.540) 0.32 (0') 0.31 (0.596) 0.30 (0.590)
rs3810291 | 0.34(0.804) | 0.33(0.491) | 0.32(0.321) | 0.33(0.353) 0.32 (0.187) 0.32 (0.217) 0.33 (0.054)
rs4929949 | 0.49(0.903) | 0.49(0.704) | 0.48(0.409) | 0.50(0.259) 0.48 (0.410) 0.49 (0.239) 0.48 (0.218)
rs543874 0.21(0.202) | 0.22(0.146) | 0.23(0.064) | 0.21(0.311) 0.21 (0.208) 0.18 (0.531) 0.19 (0.549)
rs713586 0.49(0.918) | 0.48(0.151) | 0.47(0.901) | 0.49(0.605) 0.49 (0.111) 0.47 (0.034') 0.48 (0.375)
[s7647305 | 0.18(0.238) | 0.20(0.675) | 0.20(0.386) | 0.20(0.841) NA 0.21 (0.511) 0.22 (0.035 )
rs9939609 | 0.40(0.636) | 0.40(0.583) | 041(0.751) | 0.41(0.937) 0.40 (0.678) 0.41 (0.920) 0.39 (0.795)
rs10146997 | 0.21(0.931) | 0.22(0.843) | 0.21(0.244) | 0.21(0.659) 0.22 (0.955) 0.22 (0.737) 0.21 (0.406)
rs1121980 | 0.42(0.608) | 0.43(0.667) | 0.44(0.149) | 0.44(0.675) 0.42 (0.238) 0.44 (0.847) 0.42 (0.617)
rs7138803 | 0.40(0.388) | 0.39(0.556) | 0.40(0.446) | 0.40(0.083) 0.37 (0.623) 0.42 (0.234) 0.39 (0.288)

" Disequilibrium on the 0.05 significance level but not on the Bonferroni-adjusted significance level (p<0.00027), except for two SNPs in the UK
Biobank. Abbreviations: HW, Hardy-Weinberg equilibrium; Inter99, Intervention 1999; MAF, minor allele frequency; Monica, Monitoring of trends

and determinants in Cardiovascular Diseases, NA, not available; SHIP, Study of Health in Pomerania; UK Biobank, United Kingdom Biobank.
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Table S3.

Study-specific measur es of hay fever, asthma, aller gic sensitization, serum total Igg, FEV1and FVC

Allergic

Study Hay fever Asthma o9 Serum total IgE FEV1 FvC
sensitization
MOS0 postvenoue et | PSLEIEIO e | Sem peni
“Has a doctor ever told you that a ' 9E po y NA Available | Available
. ” ever told you that you had | against inhalant
you had allergic hay fever? ”
asthma? allergens
TS | posveconer o queston | APEEIVE Lo e | Seum pecic
“Has a doctor ever told you that ' U NA Available | Available
” ever told you that you had | against inhalant
you had hay fever? "
asthma? allergens
IS | postveanswer totrecuesion | PSTVE R0 | Seu pectc
“Has a doctor ever told you that d ' 9t po: y NA Available | Available
” ever told you that you had | against inhalant
you had hay fever? "
asthma? allergens
e | emdeote | wwute 20 | |
NA ' T Allergy Available | Available
ever told you that you had | against inhalant
” Immunoassay System
asthma? allergens
UK Biobank | A positive answer to the question: | A positive answer to the
”Has a doctor ever told you that question: “Has a doctor
you have had any of the following | ever told you that you have NA NA Available | Available
conditions? Hay fever, alergic had any of the following
rhinitis or eczema” conditions? Asthma“
SHIP A confirmative answer to the The participants were Latex IgE test on the
uestion: “Do vou sometimes or defined as having alergic BN |1 Nephelometer
d all thé time ;luffer from h asthma or not according to NA (Dade Behring NA NA
,, &y self-reported questionnaire Marburg GmbH,
fever? . )
information. Marburg, Germany)
SHIP Self-reported doctor-diagnosed -
TREND “allergy to house dust mite” or Participants who reported NA NA NA NA

“pollen allergy”

to have bronchia asthma

Abbreviations. FEV 1, forced expiratory volume in one second; FVC, forced vital capacity; IgE, immunoglobulin E; Monica, Monitoring of trends
and determinants in Cardiovascular Diseases; NA, not available; SHIP, Study of Health in Pomerania; UK Biobank, United Kingdom Biobank.




Table 4.

Identified self-reported medication for hay fever (incl. the

number of persons) in the UK Biobank.

M edication Number
Budesonide 1104
piriton 4mg tabl et 797
Acrivastine 113
zirtek 10mg tablet 139
Loratadine 3926
clarityn 10mg tablet 439
phenergan 10mg tabl et 104
flixonase 50micrograms aqueous hasal spray 2082
beconase 50micrograms nasal spray 3482
rhinocort 50micrograms nasal spray 189
Cetirizine 6190
Chlorpheniramine 128
| pratropium 612
opticrom allergy eye drops 338
sodium cromoglicate 435
Chlorphenamine 299
anti histamine 60mg tabl et 387
nasacort 55micrograms aqueous nasal spray 220
nasonex 0.05% agqueous nasal spray 2615
loratadine product 116
benadry! alergy relief 8mg capsule 100
dexamethasone+hypromellose 0.1%/0.5% eye drops| 224
Desloratadine 685
neoclarityn 5mg tablet 596
piriteze 10mg tabl et 101
zirtek allergy 10mg tablet 145
Levocetirizine 310
care cetirizine hayfever relief 10mg tablet 135
rino clenil 50micrograms nasal spray 992
allergy relief antihistamine 4mg tablet 198

telfast 30 tablet

377




Supplementary figures

Figure S1.

Meta-analyses of the medelian randomization estimates of BMI (kg/m?) with
hay fever and asthma excluding the UK Biobank. Abbreviations: ClI,
confidence interval; BMI, body mass index; m10, the MonicalO study; h06,
Health2006; h08, Health2008; 199, Inter99; SHIP, the Study of Healthin
Pomerania; SHIP TR, the Study of Health in Pomerania TREND.

Odds
Outcome and study ratio (95% CI)
Hayfever
m10 [ 1.02 (0.98, 1.07)
h0o6 e 0.99 (0.96, 1.02)
ho8 0.97 (0.91, 1.02)
SHIP S E S 1.01 (0.98, 1.05)
SHIP TR 0.99 (0.94, 1.05)
Subtotal <> 1.00 (0.98, 1.02)
Asthma
m10 1.04 (0.99, 1.10)
h0o6 — 1.02 (0.98, 1.05)
i99 T 0.97 (0.95, 1.00)
h08 0.98 (0.92, 1.06)
SHIP — 1.04 (1.01, 1.07)
SHIP TR 1.00 (0.91, 1.10)
Subtotal <> 1.01 (0.99, 1.03)
T T
.905 1 1.1

Odds ratio per BMI-increasing allele



Figure S2.

Meta-analyses of the observational estimates of BM| (kg/m?) with hay fever
and asthma excluding the UK Biobank. Abbreviations. Cl, confidence interval;
BMI, body mass index; m10, the MonicalO study; h06, Health2006; h08,
Health2008; 199, Inter99; SHIP, the Study of Health in Pomerania; SHIP TR,
the Study of Health in Pomerania TREND.

Odds
Outcome and study ratio (95% CI)
Hayfever
m10 T— 1.03 (1.00, 1.06)
ho6 - 1.01 (0.99, 1.03)
hos — 1.01 (0.97, 1.05)
SHIP —— 1.00 (0.97, 1.02)
SHIP TR 1.00 (0.96, 1.04)
Subtotal < 1.01 (0.99, 1.02)
Asthma
m10 —T— 1.02 (0.98, 1.06)
ho6 — 1.03 (1.01, 1.06)
i99 - 1.04 (1.02, 1.06)
ho8 1.06 (1.01, 1.11)
SHIP —_ 1.03 (1.01, 1.05)
SHIP TR 1.04 (0.97, 1.10)
Subtotal < 1.04 (1.03, 1.05)
I I
903 1 1.11

Odds ratio per 1 kg/m2 BMI



Figure S3.

Meta-analyses of the observational estimates of BMI (kg/m?) with FEV 1 (litre) and
FVC (litre) excluding the UK Biobank. Units are noted in parentheses. Abbreviations:
Cl, confidence interval; BMI, body mass index; m10, the MonicalO study; hO6,
Health2006; h08, Health2008; 199, Inter99.

Outcome and study Estimate (95% ClI)
FEV1
m10 — -0.0009 (-0.0078, 0.0060)
ho6 — T -0.0047 (-0.0100, 0.0006)
i99 — 1 -0.0019 (-0.0056, 0.0018)
ho8 . > 0.0083 (-0.0015, 0.0181)
Subtotal <>> -0.0017 (-0.0044, 0.0010)
FvC
m10 R -0.0020 (-0.0096, 0.0056)
ho6 — 1 -0.0033 (-0.0093, 0.0028)
i99 — -0.0043 (-0.0087, 0.0001)
ho8 > 0.0059 (-0.0051, 0.0169)
Subtotal O -0.0029 (-0.0059, 0.0002)
T T
-.0181 0 .0181

Estimate per BMI-increasing allele



Figure $4.

Meta-analyses of the observational estimates of BMI (kg/m?) with FEV1 (litre)
and FVC (litre) excluding the UK Biobank. Units are noted in parentheses.
Abbreviations. Cl, confidence interval; BMI, body mass index; m10, the
MonicalO study; h06, Health2006; h08, Health2008; 199, Inter99.

Outcome and study Estimate (95% CI)
FEV1

m10 ——  -0.00 (-0.01, 0.00)
h06 —a— -0.01 (-0.01, -0.01)
i99 —- -0.01 (-0.01, -0.00)
ho8 ——— -0.00 (-0.01, 0.00)
Subtotal <> -0.01 (-0.01, -0.00)
FVC

mio -0.02 (-0.02, -0.01)
ho6 —a— -0.02 (-0.02, -0.01)
i99 —— -0.02 (-0.02, -0.01)
ho8 - -0.01 (-0.02, -0.00)
Subtotal <> -0.02 (-0.02, -0.02)

T T
-.026 0 .005

Estimate per 1 kg/m2 BMI



Figure Sb.
SNP-gpecific estimates of BMI on asthma. Abbreviations: Cl, confidence interval; BMI, body
mass index.

Odds

SNP ratio (95% ClI)

rs10838738 T 1.01 (0.99, 1.03)
rs10938397 IDGE 1.02 (0.99, 1.04)
rs10968576 T 1.02 (0.99, 1.04)
rs11847697 —_— 1.01 (0.95, 1.06)
rs12444979 — 0.98 (0.95, 1.01)
rs13107325 — 1.06 (1.01, 1.10)
rs1424233 ey 0.99 (0.96, 1.01)
rs1514175 ™ 1.02 (0.99, 1.04)
rs1555543 ™ 1.02 (1.00, 1.04)
rs17782313 -1 1.01 (0.98, 1.03)
rs1805081 — 0.99 (0.97, 1.01)
rs206936 T 0.98 (0.96, 1.01)
rs2112347 - 1.00 (0.98, 1.02)
rs2241423 — 1.03 (1.00, 1.05)
rs2287019 ¢ 0.91 (0.83, 1.01)
rs2568958 T 1.01 (0.99, 1.04)
rs29941 - T 0.99 (0.97, 1.01)
rs3810291 — 1.03 (1.01, 1.05)
rs4929949 T™ 1.01 (0.99, 1.04)
rs543874 — 1.03 (1.00, 1.05)
rs713586 - 1.00 (0.98, 1.03)
rs7647305 * 1.12 (1.02, 1.24)
rs9939609 e 1.02 (1.00, 1.04)
rs10146997 N 1.02 (1.00, 1.05)
rs1121980 IDaE 1.02 (1.00, 1.04)
rs7138803 T 1.01 (0.99, 1.03)

T T

.82 1 1.25
Odds ratio of asthma per BMI-increasing allele



Figure S6.

Study-specific estimates of observational analyses of the association between BMI,
FEV1and FVC. Abbreviations: Cl, confidence interval; BMI, body mass index; m10,
the MonicalO study; h06, Health2006; h08, Health2008; 199, Inter99; UK Biob, UK
Biobank.

Outcome and study Estimate (95% CI)
FEV1
m10 B C— -0.0040 (-0.0097, 0.0016)
ho6 —_— -0.0096 (-0.0130, -0.0061)
i99 — -0.0064 (-0.0090, -0.0038)
ho8 -0.0024 (-0.0095, 0.0046)
UK Biob hd -0.0126 (-0.0129, -0.0123)
FvC
m10 S S— -0.0159 (-0.0221, -0.0097)
hoé e -0.0187 (-0.0226, -0.0148)
i99 e -0.0178 (-0.0208, -0.0148)
ho8 -0.0127 (-0.0204, -0.0049)
UK Biob =+ -0.0244 (-0.0249, -0.0240)
T T
-.025 0 .0047

Estimate per 1 kg/m2 BMI
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